Introduction
============

Narcolepsy is a chronic neurological disorder characterized by a pentad of excessive daytime sleepiness (EDS), cataplexy, sleep paralysis, hypnagogic hallucinations, and disturbed nocturnal sleep. EDS is always present and usually appears first. Cataplexy occurs in approximately 70% of patients with narcolepsy, while the other symptoms feature less frequently and in various combinations.[@b1-nss-7-051] A substantial number of patients suffer from associated sleep disorders including rapid eye movement (REM) sleep behavior disorder, periodic limb movements, vivid dreams, and nightmares.[@b2-nss-7-051]

The third edition of the *International Classification of Sleep Disorders* divides narcolepsy into type 1, previously known as narcolepsy with cataplexy, and type 2, previously described as narcolepsy without cataplexy.[@b3-nss-7-051] In the majority of subjects, type 1 narcolepsy is caused by autoimmune-mediated loss of hypocretin-secreting neurons in genetically predisposed individuals. The pathophysiology of type 2 narcolepsy is less well understood.[@b4-nss-7-051] The prevalence of narcolepsy in the United States and Europe ranges from 20 to 67 per 100,000, although as many as 80% of people may still go undiagnosed.[@b5-nss-7-051]--[@b7-nss-7-051]

Narcolepsy is a debilitating condition which can affect all aspects of life. Psychosocial functioning and quality of life are reduced.[@b8-nss-7-051],[@b9-nss-7-051] Unemployment rates are higher and income levels among those who work are lower compared with non-narcoleptic controls.[@b10-nss-7-051] Narcolepsy is associated with increased health costs, with higher rates of health-related contact and medication use.[@b11-nss-7-051] Negative impact of the disease on academic performance, relationships, and recreational and sexual life is well documented, and depression is common.[@b12-nss-7-051],[@b13-nss-7-051] Given the cardinal features, it is not surprising that the risk of accidents at home, at work, or while driving is increased for those suffering from narcolepsy.[@b14-nss-7-051]

When considering unmet needs of patients with narcolepsy, the importance of establishing an early diagnosis cannot be overemphasized. Hearing the diagnosis is likely to be a key, if ambivalent, moment in a patient's life. On one hand, it implies a lifelong, incurable condition which can substantially limit functional status and undermine future prospects. On the other hand, symptom validation and the prospect of treatment can provide considerable relief after protracted, unexplained debility. The diagnostic process is now facilitated by clearly defined diagnostic criteria and modern diagnostic tools.[@b3-nss-7-051] Nonetheless, a substantial number of patients still experience a delay of between 10 and 15 years for narcolepsy to be confirmed, while others remain undiagnosed.[@b7-nss-7-051] Lack of disease awareness and misdiagnosis by health care professionals, and poor patient and public awareness, are probably the key factors responsible for this.[@b7-nss-7-051]

Nearly all patients diagnosed with narcolepsy require lifelong treatment. Behavioral methods, such as scheduled daytime naps, are helpful but rarely suffice as monotherapy. Over 90% of patients require regular pharmacotherapy to combat daily, debilitating symptoms.[@b15-nss-7-051]

In this review, we briefly outline the currently available pharmacological treatments and their limitations. Our main focus, however, is on emerging treatment options and novel therapeutic concepts which are in various stages of development. We summarize current knowledge in this area.

Pharmacotherapy for narcolepsy
==============================

The current pharmacotherapeutic approach to narcolepsy is based on symptom control. It includes newer drugs supported by evidence from randomized clinical trials as well as compounds which have not been assessed in robust studies but are known for their efficacy ([Table 1](#t1-nss-7-051){ref-type="table"}).

Amphetamine was first introduced as a treatment for narcolepsy in 1935.[@b17-nss-7-051] Its derivatives ([d]{.smallcaps}-amphetamine, methamphetamine) and amphetamine-like compounds (methylphenidate) subsequently became the mainstay of EDS management and are still widely used. They are generally well tolerated, but minor sympathomimetic side effects are common.[@b15-nss-7-051] Cardiovascular side effects may prevent their use in some patients, particularly the elderly and others with relevant comorbidities. Long-term use has been linked to adverse psychological events.[@b18-nss-7-051] Abuse of amphetamine derivatives in well-defined narcolepsy subjects is rare, but tolerance can develop in up to a third of patients.[@b19-nss-7-051]

Newer stimulants, such as modafinil or its r-enantiomer, armodafinil, are generally less potent.[@b20-nss-7-051]--[@b22-nss-7-051] However, favorable safety profiles and higher-level evidence of effectiveness mean that they are now first-line treatment for the EDS of narcolepsy.[@b1-nss-7-051],[@b16-nss-7-051],[@b20-nss-7-051] Pemoline and mazindol are other mild sympathomimetic stimulants, but their use is restricted in most countries due to safety concerns or inadequate evidence.[@b22-nss-7-051]

Cataplexy is not always severe enough to require specific treatment, or it sometimes improves sufficiently when adequate control of EDS is achieved with amphetamine-like medications.[@b23-nss-7-051],[@b24-nss-7-051] When necessary, it has traditionally been treated with antidepressants. Tricyclic antidepressants, such as imipramine or clomipramine, have been used as anticataplectic agents since the 1960s, but they are not always easy to tolerate.[@b15-nss-7-051] Anticholinergic and antihistaminergic side effects, weight gain, sexual dysfunction, and tremor often hamper treatment. Newer antidepressants, including selective serotonin reuptake blockers, serotonin/norepinephrine reuptake inhibitors, and norepinephrine reuptake inhibitors, have better side effect profiles, and are usually chosen over tricyclics.[@b15-nss-7-051] Efficacy is variable across the groups, but those drugs with the strongest norepinephrine reuptake inhibition, such as venlafaxine or duloxetine, are probably most useful.[@b20-nss-7-051],[@b25-nss-7-051]

The introduction of sodium oxybate (a salt of gamma hydroxybutyrate \[GHB\]) has probably been the most significant advance in the treatment of narcolepsy in recent years. For the first time, monotherapy has become possible in some patients. Sodium oxybate is approved in the United States for the treatment of EDS and cataplexy, and in the European Union and Canada for the treatment of cataplexy. It can also restore sleep continuity and has positive effects on sleep paralysis and hypnagogic hallucinations.[@b16-nss-7-051] Sodium oxybate is well tolerated by most patients, but side effects include nausea, dizziness, nocturnal confusion, sleepwalking, and enuresis.[@b15-nss-7-051],[@b20-nss-7-051] Its administration comes with certain challenges. A short half-life means that twice-nightly dosing is required. Dose titration at treatment initiation is not always straightforward and requires close monitoring. Overdose of GHB can lead to fatal respiratory depression.[@b26-nss-7-051] Patients may need to alter their lifestyle. They should avoid alcohol and sedating medications, and the profound sedation of oxybate means that patients sometimes have to change living arrangements if they live alone or are sole carers.[@b1-nss-7-051]

A recent survey was conducted in the Unites States with the aim of sharing patients' perspectives on the treatment of narcolepsy with the US Food and Drug Administration (FDA). It included over 1,000 people with narcolepsy.[@b27-nss-7-051] It is unclear how many patients met the currently recognized diagnostic criteria, but 95% of responders reported having been prescribed at least one of the FDA-approved medications. Nonetheless, 74% complained of daily narcolepsy symptoms. Eighty-four percent described impaired work or school performance and judged their condition as moderate or severe. These results are consistent with an earlier European survey, which was conducted on 67 subjects with well-defined narcolepsy. Despite standard treatment, 84% felt the negative impact of symptoms on a daily basis, including 70% reporting EDS every day, and 31% suffering daily cataplexy.[@b28-nss-7-051]

The pharmacological management of narcolepsy is particularly challenging in pregnancy and breastfeeding. Although there is no evidence that currently available drugs are teratogenic in humans when used in therapeutic doses, animal studies raised concern about potential embroyotoxicity.[@b29-nss-7-051] Consequently, most clinicians would recommend withdrawal of pharmacotherapy during conception, pregnancy, and breastfeeding.[@b29-nss-7-051] However, this may not be possible when the pregnancy is unplanned or narcolepsy symptoms are severe enough to pose risk of injury to the mother or fetus.[@b1-nss-7-051] Some women are unable to manage daily activities or childcare without treatment. For ethical reasons it is unlikely that clinical trials on currently available compounds will include pregnant women. However, prospective registries of pregnancy outcomes in patients who decide to continue the treatment are needed to support advice on the best management of narcolepsy in pregnancy. Future, more physiological treatments, such as hypocretin replacement, may well be more acceptable for pregnant women.

These data highlight the unmet needs of patients suffering from narcolepsy and demonstrate the importance of ongoing efforts to develop effective new treatments.

Emerging treatment options
==========================

Therapies aimed at restoring hypocretin system signaling
--------------------------------------------------------

The discovery that hypocretin deficiency is responsible for narcolepsy raised hopes that restoration of hypocretin signaling could lead to causative therapy. Several concepts have been proposed, including substitution of the natural neuropeptide or its analogs, engineering hypocretin receptor agonists, hypocretin cell transplantation, and gene therapy. Despite over 10 years of exploring these promising hypocretin-based approaches, no clinically effective treatments have yet been produced. Nevertheless, progress has been made. Our knowledge of the hypocretin system has grown and potential solutions to overcome some barriers to replacement therapy have been found.

Hypocretin neurons are located in the lateral hypothalamus and project throughout the brain and spinal cord, with particularly dense innervation of specific nuclei involved in sleep--wake regulation, including the locus coeruleus, dorsal raphe, tuberomammillary, laterodorsal tegmental, and pedunculopontine tegmental nuclei.[@b30-nss-7-051] Application of hypocretin directly to these structures or to the intracerebroventricular space increases wakefulness and suppresses cataplectic behavioral arrests in mice.[@b31-nss-7-051]--[@b34-nss-7-051] The active neuropeptides are hypocretin-1 and hypocretin-2, which are cleaved from inactive prepro-hypocretin. They are fairly large molecules, consisting of 33 and 28 amino acids, respectively.[@b35-nss-7-051] Hypocretins act via two G protein-coupled ligand receptors, hypocretin R1 (hcrtR1) and hypocretin R2 (hcrtR2). Expression of both receptors, particularly hcrtR2, is preserved in sporadic human narcolepsy, so hypocretin-based therapies are a realistic aim.[@b36-nss-7-051] Unfortunately, one of the main obstacles to substituting these neuropeptides is their poor central nervous system (CNS) penetration when administered peripherally. The central route of administration is not practical in humans. Early experiments in canine models showed that intravenous hypocretin penetrated the blood--brain barrier poorly, and only when given at very high concentration. The functional effects of intravenous hypocretin were unconvincing and results overall were not promising enough to justify clinical studies.[@b37-nss-7-051],[@b38-nss-7-051] Far more appealing and convenient is noninvasive intranasal delivery. Macromolecules are transported via olfactory and trigeminal nerves, bypassing the blood--brain barrier and reaching the brain within minutes. Systemic absorption and potential associated side effects are reduced. Another advantage is that the neuropeptides do not necessarily require modification and so retain their original properties.[@b39-nss-7-051] Intranasal drug delivery can be optimized further by adding a vasoconstrictor to the formulation, which minimizes systemic absorption, increasing the amount of drug available to the CNS. One study combined 1% phenylephrine with an intranasal hypocretin preparation, reducing systemic absorption by 65%. Olfactory epithelial deposition was increased threefold and CNS hypocretin concentration was significantly higher.[@b40-nss-7-051]

Intranasal administration of hypocretin-1 improved cognitive performance in sleep-deprived rhesus monkeys, and was more effective than intravenous doses ten times larger. Furthermore, these behavioral effects were associated with changes in metabolic activity in the specific brain regions that were engaged in the cognitive tasks and affected by sleep restriction.[@b41-nss-7-051]

Intranasal hypocretin was first used in humans with narcolepsy in 2008. Baier at al found that it restored olfactory dysfunction, but effects on other narcolepsy symptoms were not assessed.[@b42-nss-7-051] This was followed by a double-blind, randomized, placebo-controlled crossover trial in which eight patients with narcolepsy were given recombinant human hypocretin-1 intranasally before nocturnal sleep.[@b43-nss-7-051] Hypocretin-1 was reported to reduce and stabilize REM sleep. Nocturnal wakefulness was not altered, but this could have been a consequence of nonphysiological timing of hypocretin administration.[@b44-nss-7-051] Weinhold et al recently repeated their trial, but this time administered hypocretin to 14 narcoleptic patients in the morning.[@b45-nss-7-051] Participants subsequently underwent Modified Maintenance of Wakefulness Tests (MMWTs), attention testing, and nocturnal polysomnography. Intranasal hypocretin-1 induced fewer false reactions in divided attention tests. In MMWTs, there were fewer wake--REM sleep transitions and REM sleep duration was reduced, but the difference in REM sleep latency did not reach statistical significance. On the subsequent night, duration of stage 2 non-REM (NREM) (N2) sleep increased but no other changes in sleep architecture, REM latency, total sleep time, or sleep efficiency were observed. Subjective ratings of sleepiness were not altered by hypocretin.

Although showing some promise, more work is needed to establish whether intranasal hypocretin represents a truly effective treatment option. The studies to date have examined only single-dose effects and provided little data on clinically meaningful outcomes. Long-term effects, optimal dosage, timing of administration, and pharmacokinetics remain unknown. The role of hypocretin replacement on cataplexy has yet to be explored.

An alternative way to restore hypocretin signaling, potentially free of the neuropeptide delivery problems, is to use a non-peptide hcrtR agonist. In the past few years there has been considerable research focused on hcrtR antagonism. This work resulted in FDA approval of the first orally active hcrtR antagonist, suvorexant, for the treatment of insomnia in August 2014.[@b46-nss-7-051],[@b47-nss-7-051] However, engineering an hcrtR agonist is proving more challenging and, to our knowledge, no successful compounds have yet been developed. Hopefully, biotechnological advances will enable some progress in this area.[@b48-nss-7-051]

Another proposed treatment strategy is hypocretin cell transplantation, to replace the lost neurons. This was attempted in a single study using a rat model of narcolepsy.[@b49-nss-7-051] The authors found some evidence of improvement in somnolence in transplanted animals, but graft cell survival was poor. In humans, an additional challenge would be sourcing the hypocretin cells, which are acquired from postnatal tissue in animal studies. A possible solution could be to use hypocretin neuroblasts derived from stem cells but exploratory work is yet to be undertaken.

In a more advanced stage of development is viral vector-delivered gene therapy. This can establish long-term CNS protein expression after a single administration. Gene therapies evolved particularly as a novel treatment for neurodegenerative disorders such as Parkinson's disease. Viral mediated delivery of enzymes (aromatic L-amino acid decarboxylase and glutamic acid decarboxylase) or neurotrophic factors (neurturin, glial-derived neurotrophic factor) was initially developed in animal models but then progressed to Phase I and Phase II clinical trials with some promising clinical outcomes.[@b50-nss-7-051] This technology was adopted in narcolepsy. One group investigated hypocretin gene transfer in a series of mouse experiments using different viral vectors and targeting specific brain areas. In the first study, a replication-defective herpes simplex virus-1 was used to transfer the prepro-hypocretin gene into the lateral hypothalamus of hypocretin knockout mice.[@b51-nss-7-051] Hypocretin was expressed in numerous neurons and detected in the cerebrospinal fluid. Both cataplexy and narcoleptic sleep--wake behavior were improved during the 4-day lifespan of the vector. This was followed by an experiment in which a different vector, recombinant adeno-associated virus (rAAV) was used.[@b52-nss-7-051] This vector has the advantage of facilitating long-term gene expression and has been successfully used in humans without concerning adverse events. Hypocretin gene transfer into neurons of the zona incerta and lateral hypothalamus blocked cataplexy, but the same intervention into the striatum and directly into melanin-concentrating hormone neurons was ineffective, indicating site specificity. In the third study, neurons of the dorsolateral pons involved in muscle tone regulation were targeted. Again, rAAV-hypocretin gene transfer significantly reduced cataplexy.[@b53-nss-7-051]

These studies have identified potential target brain regions where surrogate neurons can be used to facilitate expression and function of hypocretin. Hopefully, as with Parkinson's disease, this novel therapy will be evaluated in humans.

H3 antagonists
--------------

The human histaminergic system plays a vital role in maintenance of wakefulness and sleep--wake regulation. It consists of approximately 64,000 neurons located exclusively in and around the tuberomammillary nucleus.[@b54-nss-7-051] From there, histaminergic neurons send input either directly or indirectly to various brain regions involved in sleep--wake regulation. They are active specifically during wakefulness in a manner dependent on circadian rhythm and behavioral state.[@b55-nss-7-051] Importantly, hypocretin neurons densely innervate the tuberomammillary nucleus and directly stimulate histaminergic neurons. A low concentration of histamine was found in the cerebrospinal fluid of narcoleptic patients, in keeping with its reduced secretion.[@b56-nss-7-051] However, in contrast to the hypocretin system, histaminergic neurons are well preserved in narcolepsy and are capable of promoting wakefulness via hypocretin-independent pathways.[@b57-nss-7-051] This rationale prompted the development of drugs which increase histamine release in the CNS.

Histamine acts in the CNS via its aminergic G protein-coupled receptors: H1, H2, H3, and H4. All four are believed to play specific roles in the brain, but the functions of H1 and H3 are better understood.[@b54-nss-7-051] The wake-promoting effect is directly mediated via H1, whereas H3 functions as a constitutively active auto- and heteroreceptor. As an autoreceptor, H3 inhibits cell firing, as well as synthesis and release of histamine. As a presynaptic heteroreceptor, H3 inhibits the release of other neurotransmitters involved in sleep--wake regulation, including acetylcholine, dopamine, serotonin, and noradrenaline.[@b55-nss-7-051] Since its discovery over 30 years ago, H3 has been a target for the development of both agonists and antagonists, able to facilitate sleep and wakefulness, respectively.[@b58-nss-7-051] Several H3 antagonists developed by independent pharmaceutical companies have been repeatedly shown in animal models to improve a heterogeneous collection of somnolence and vigilance deficiency states.[@b57-nss-7-051]

So far only one compound, pitolisant, has progressed to Phase III clinical trials. In two small, proof-of-concept studies, pitolisant reduced subjective EDS in narcolepsy.[@b59-nss-7-051],[@b60-nss-7-051] A subsequent multicenter, double-blind, parallel-groups study compared the safety and efficacy of pitolisant to modafinil and placebo in narcolepsy.[@b61-nss-7-051] Ninety-five patients were randomly allocated to one of the three study arms. Both drugs were uptitrated to maximum recommended doses (400 mg modafinil and 40 mg pitolisant) and continued for 8 weeks. Pitolisant was superior to placebo in reducing both subjective and objective EDS. Mean Epworth Sleepiness Scale (ESS) score decreased by 5.8 points with pitolisant and by 3.4 points with placebo (difference −3.0, 95% confidence interval: −5.6 to −0.4; *P*=0.024). Maintenance of Wakefulness Test (MWT) and the No-Go domain of the Sustained Attention to Response Task (SART) were also significantly improved with pitolisant. There were no significant differences in EDS reductions between pitolisant and modafinil. Pitolisant was well tolerated and only minor side effects were reported.

These results are encouraging, but we need to learn more about pitolisant before its role in clinical practice is established. The impact of pitolisant on cataplexy in humans is largely unknown and was not fully assessed in this trial. Longer-term effects, particularly in terms of potential for tolerance, have not been reported. A novel treatment is most needed in patients who are unable to tolerate currently used stimulants or with refractory sleepiness. It remains to be determined whether pitolisant is at all useful in these groups. Other H3 antagonists are still being evaluated in clinical trial (NCT00424931).

GABA-B agonists
---------------

Sodium oxybate is one of the most effective single agents for simultaneously treating all symptoms of narcolepsy.[@b16-nss-7-051],[@b20-nss-7-051] However, as already discussed, it is far from being the ideal solution. It is, therefore, important to find a compound with similar therapeutic efficacy that is more practical and safer to use.

GHB is an endogenous fatty acid and, at physiological concentration, functions as a neurotransmitter via its own receptor (GHBr). At pharmacological doses, GHB binds to γ-aminobutyric acid type b (GABA-B) receptor (GABAbR).[@b23-nss-7-051] The mechanism of action of GHB is still debated, but compelling evidence suggests that it is, at least partially, mediated by the GABAbR.[@b20-nss-7-051] In animal models, deactivation of GABAbR prevents all behavioral and sleep-related effects of exogenous GHB.[@b62-nss-7-051],[@b63-nss-7-051]

Baclofen is another GABAbR agonist which is widely used in clinical practice, particularly in the treatment of spasticity. It is well tolerated with a good safety profile, although causes drowsiness at higher doses. Similar to GHB, baclofen increases slow-wave sleep and total sleep time, the mechanisms by which GHB was thought to improve nocturnal sleep and consequently reduce EDS and cataplexy. Disappointingly, unlike for GHB, baclofen trials showed no improvement in cataplexy or daytime sleepiness of human narcolepsy.[@b64-nss-7-051] This suggests that other, GABAbR-independent, mechanisms play a role. The differential effects of GHB and baclofen on sleep were also demonstrated in mice by Vienne et al.[@b63-nss-7-051] They found functional differences in one of the two GABAbR isoforms. It has been hypothesized that, whilst GABAbR is crucial in mediating the actions of both agonists, differences in receptor affinity, compound half-life, dose, and route of administration may be responsible for the varying effects.[@b20-nss-7-051]

The hope of finding a GABAbR agonist useful in narcolepsy was recently restored by Black et al.[@b65-nss-7-051] Their well-designed study compared GHB and the r-enantiomer of baclofen, r-baclofen, in two different mouse models of narcolepsy, using a chronic dosing paradigm. R-baclofen suppressed cataplexy to a greater extent than GHB. It was also more effective in consolidating sleep and wakefulness, and increased time spent in NREM sleep and NREM delta power. R-baclofen has a threefold higher affinity for GABAbR than the racemate.[@b65-nss-7-051] Nonetheless, if interspecies differences once again prove important, r-baclofen may turn out to be no more useful in human narcolepsy then its racemic version. We obviously need to learn more about the role of GABAbR in narcolepsy. Several preparations of r-baclofen (arbaclofen \[STX 209\]) have already been studied in various conditions, including autism spectrum disorders, multiple sclerosis, and gastroesophageal reflux.[@b66-nss-7-051] Given the pharmacological knowledge already generated in these human studies and provided that the findings of Black et al[@b65-nss-7-051] are corroborated, the role of r-baclofen in human narcolepsy may be worth exploring.

Thyrotropin-releasing hormone analogs
-------------------------------------

Thyrotropin-releasing hormone (TRH) is a tripeptide traditionally known for its central regulatory role in the hypothalamic--pituitary--thyroid axis.[@b67-nss-7-051] Through this axis, TRH plays a major role in energy homeostasis, thermoregulation, and autonomic function.[@b68-nss-7-051] Independently of its endocrine role, TRH acts as a neuromodulator in the brain and exerts multiple effects. It increases locomotor activity, depolarizes spinal motor neurons, modulates pain perception, reverses phenobarbital induced sedation, decreases seizure threshold, and regulates mood.[@b69-nss-7-051]--[@b73-nss-7-051] More recently, a role in pathological aging and neurodegenerative processes has been postulated.[@b74-nss-7-051] Owing to these properties, TRH has attracted interest as a potential treatment in various conditions, including depression, epilepsy, spinal cord injury, spinocerebellar degeneration, cancer-related fatigue, and Alzheimer's disease.[@b72-nss-7-051],[@b75-nss-7-051]--[@b79-nss-7-051] It is also a potent CNS stimulant and participates in regulation of sleep and wakefulness.[@b73-nss-7-051],[@b80-nss-7-051] For these reasons, TRH may be a useful treatment in narcolepsy.

The pharmacokinetic profile of TRH is characterized by a short half-life of up to 5 minutes, low intestinal absorption, and poor CNS permeability.[@b81-nss-7-051],[@b82-nss-7-051] The hormone is, therefore, not suitable for chronic clinical application. To overcome this, modifications of the C or N terminals have produced several TRH analogs of varying potencies, which have been studied in different neurological conditions.[@b83-nss-7-051] The potential role of TRH analogs has been explored in canine models of narcolepsy.[@b84-nss-7-051],[@b85-nss-7-051] In the first experiment,[@b84-nss-7-051] acute administration of biologically stable TRH analogs resulted in suppression of both slow-wave and REM sleep as well as significant reduction in cataplexy. In the second study,[@b85-nss-7-051] chronic administration of an oral TRH compound (CG-3703) was evaluated. Given over 2 weeks, this reduced cataplexy and EDS. It was reasonably well tolerated and, importantly, there were no behavioral or physiological changes to suggest endocrine side effects. However, drug tolerance was observed during the second week of administration, and, to the best of our knowledge, these early studies were not followed by further experiments or trials in human narcolepsy. Another potential barrier to the development of TRH analogs is their pleiotropic effects, which can undermine drug tolerance.

These analogs are probably species-specific and display varying affinities to TRH receptor subtypes. Two subtypes (TRH-R1 and TRH-R2) have been identified in several species. They exhibit an overall identity of around 50%.[@b83-nss-7-051] Both receptors have distinct patterns of distribution across the CNS, which led to the hypothesis that TRH-R2 is responsible for CNS effects of TRH, whereas TRH-R1 mediates thyroid-stimulating hormone release.[@b86-nss-7-051] Centrally acting TRH analogs, free of hormonal side effects, would be of particular interest in narcolepsy. However, the hypothesis of TRH-R2's central role was later challenged.[@b87-nss-7-051] Furthermore, only a single receptor subtype has been identified in humans, which shows closer similarity to TRH-R2 than TRH-R1.[@b88-nss-7-051] Of many TRH analogs developed in animal models, taltirelin is one that shows improved CNS and lower hormonal activity and is also effective in humans. It is the only TRH analog which has been approved for the treatment of spinal muscular atrophy.[@b88-nss-7-051] Drug tolerance may also be less of a problem with taltirelin.[@b89-nss-7-051]

The exact mechanism of TRH action in regulation of sleep and wakefulness is not well understood, but recent research sheds some light on the possible downstream pathways.

The dorsomedial hypothalamus is a center critical for the expression of circadian rhythms. Around 35% of its neurons projecting to the lateral hypothalamus contain TRH. In two studies, TRH was found to directly excite hypocretin neurons, and a close apposition between TRH-immunoreactive nerve terminals and hypocretin A-immunoreactive cell bodies was confirmed.[@b90-nss-7-051],[@b91-nss-7-051] Clearly, if TRH effects on sleep and wakefulness are mediated solely by hypocretin neurons, its analogs would be of little use in narcolepsy. However, other possible mechanisms by which TRH controls arousal is through the activation of histaminergic neurons and inhibition of melanin-concentrating hormone cells.[@b92-nss-7-051],[@b93-nss-7-051]

Immunotherapy
-------------

Autoimmunity is thought to underlie the selective destruction of hypocretin neurons. Narcolepsy is tightly associated with HLA-DQB1\*06:02 haplotype and polymorphisms in the T-cell receptor alpha locus.[@b94-nss-7-051] A protective HLA variant has been found in a genome-wide association study.[@b95-nss-7-051] Furthermore, circulating autoantibodies against Tribbles homolog 2 (TRIB2) have been detected in some narcoleptic patients in three independent studies.[@b96-nss-7-051]--[@b98-nss-7-051] TRIB2 is a protein produced in hypocretin neurons. Anti-TRIB2 titers were particularly high in the first 2 years after narcolepsy onset. However, it is not clear whether they are pathogenic, incidental, or produced in response to hypocretin neuron damage.[@b99-nss-7-051]

As with many other autoimmune conditions, environmental factors such as bacterial or viral infections probably induce an autoimmune response in genetically predisposed individuals. This concept is supported by a surge of narcolepsy cases following pandemic H1N1 infection and vaccination with Pandemrix.[@b100-nss-7-051]--[@b102-nss-7-051] Molecular mimicry is the most plausible explanation for this.[@b103-nss-7-051]

Trials have examined immunotherapy as a potential disease-modifying treatment. Corticosteroids, plasmapheresis, and intravenous immunoglobulins have been assessed in small studies, producing mixed results. Some patients did not respond at all while others improved, but complete and sustained symptom resolution was not achieved.[@b104-nss-7-051]--[@b107-nss-7-051] Relapses required repeated treatment and side effects led to treatment discontinuation.[@b108-nss-7-051]--[@b110-nss-7-051] The uncontrolled nature of these studies, small patient numbers, and varying treatment regimens prevent firm conclusions being drawn on the effectiveness of immunotherapy. However, one observation is valid: the successful interventions were typically administered early in the disease course. It is thought likely that narcolepsy with cataplexy only manifests when a patient has lost nearly all hypocretin cells. If so, then application of immunotherapy close to disease onset is probably conditional to its success.[@b111-nss-7-051]

Monoclonal antibodies specifically targeting T or B lymphocytes have not been assessed in narcolepsy. There is one case report of a patient with narcolepsy who was subsequently diagnosed with a low-grade T-cell lymphoma and treated with alemtuzumab, a humanized monoclonal antibody that binds to CD52. During treatment, complete remission of cataplexy was observed and sustained until his death 1.5 years later.[@b112-nss-7-051]

These compounds are potent immunosuppressants and their repeated administration risks potentially serious side effects. Before they are considered for trials in narcolepsy, we need to better understand which of the cellular and humoral immune processes are involved, so that the right biologics are chosen.

Another interesting technique is antigen-specific immunotherapy which involves vaccination with a selected autoantigen. It has been attempted in several autoimmune conditions including systemic sclerosis and type 1 diabetes mellitus. So far, outcomes have been disappointing, but research continues.[@b113-nss-7-051] This approach could be also be tried in narcolepsy provided a target antigen is found.

JZP-110
-------

Finally, JZP-110 ((*R*)-2-amino-3-phenylpropylcarbamate hydrochloride) is a new compound previously known as ADX-N05, R228060, and YKP-10A. It is a hydrochloric acid salt of an optically pure phenylalanine derivative, which was originally developed as an antidepressant in animal models.[@b114-nss-7-051] Its antidepressant properties have not been confirmed in humans but a common side effect in Phase II trial was insomnia.[@b115-nss-7-051] A subsequent murine study showed the compound to have wake-promoting activity.[@b114-nss-7-051] Its mechanism of action is thought to involve simultaneous antagonism of dopamine and norepinephrine transporters.

According to the manufacturer, JZP-110 has significantly reduced subjective sleepiness (ESS) and increased objective alertness (MWT) in two Phase II placebo-controlled trials. These results have been presented at a conference but no data have yet been published.[@b116-nss-7-051] A Phase III long-term safety and maintenance of efficacy study is due to start shortly (NCT02348632). Formal publication of trial data is needed for us to understand whether JZP-110 has a potential role to play in the future treatment of narcolepsy.

Summary
=======

Narcolepsy is a disease of complex pathophysiology, understanding of which has greatly increased over the last two decades. Treatment is also complex and remains challenging. While symptomatic improvement is usually possible, patients' expectations are not always met. We have described some of the most promising areas of development for future therapeutics. Several potential solutions are still in the early stages of research. Substantial obstacles have to be overcome before it can be established which, if any, of these are likely to translate into readily available treatments. The complexity of sleep--wake regulation adds to the challenge. However, the hope for the future is that our therapeutic armamentarium for easing the burden of narcolepsy will be larger and more effective, and instead of discussing symptomatic treatment we will be comparing disease-modifying therapies.

The prospects for improving the treatment of narcolepsy look good, but to help achieve this, one more need must be met. The gap between symptom onset and diagnosis must be narrowed, as this is a major barrier to the timely provision of effective treatment. Narcolepsy is not a progressive disease, but if not diagnosed early, its impact on peoples' lives can be difficult to reverse.
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###### 

Selected compounds used in narcolepsy

  Compound                                         Mechanism of action[a](#tfn2-nss-7-051){ref-type="table-fn"}                                                                  Usual total daily doses   Indication   Level of evidence[b](#tfn3-nss-7-051){ref-type="table-fn"}
  ------------------------------------------------ ----------------------------------------------------------------------------------------------------------------------------- ------------------------- ------------ ------------------------------------------------------------
  Amphetamines (dexamphetamine, methamphetamine)   Increase monoamine release: DA \> NA \>\> 5-HT by reverse efflux of DA via DAT and inhibition of monoamine storage via VMAT   5--60 mg                  EDS          III, V
  Methylphenidate                                  Blocks monoamine (DA \> NA \>\> 5-HT) uptake                                                                                  20--40 mg                 EDS          II, V
  Modafinil                                        Not fully determined. Probably selective DA reuptake inhibition                                                               100--400 mg               EDS          I, II
  Armodafinil                                      As for modafinil                                                                                                              50--250 mg                EDS          I
  Tricyclic antidepressants                                                                                                                                                                                Cataplexy    IV, V
   Clomipramine                                    Blocks reuptake of 5-HT \> NA \>\> DA                                                                                         10--150 mg                             
   Imipramine                                      Blocks reuptake of NA = 5-HT                                                                                                  10--100 mg                             
  Fluoxetine                                       Blocks reuptake of 5-HT \>\> NA = DA                                                                                          10--40 mg                 Cataplexy    II, V
  Venlafaxine                                      Blocks reuptake of 5-HT ≥ NA                                                                                                  75--375 mg                Cataplexy    IV
  Duloxetine                                       Similar to venlafaxine                                                                                                        30--60 mg                 Cataplexy    IV
  Ritanserin                                       5-HT2 antagonist                                                                                                              5--10 mg                  EDS          II
  Reboxetine                                       Blocks NA reuptake                                                                                                            2--10 mg                  Cataplexy    IV
  Sodium oxybate                                   Unclear. Probably acts via GABA-B or specific GHB receptors                                                                   4.5--9 g                  Cataplexy    I, IV
  EDS                                              I, IV                                                                                                                                                                
  Sleep disruption                                 I, IV                                                                                                                                                                
  Sleep paralysis                                  IV                                                                                                                                                                   
  Hypnagogic hallucinations                        IV                                                                                                                                                                   

**Notes:** I. Randomized, well-designed trials with low alpha and beta error, or meta-analyses of randomized controlled trials with homogeneity of results. II. Randomized trials with high alpha and beta error, methodologic problems, or high quality cohort studies. III. Nonrandomized concurrently controlled studies (case--control studies). IV. Case--control or cohort studies with methodological problems, or case series. V. Expert opinion, or studies based on physiology or bench research.

Adapted from Mignot EJ. A practical guide to the therapy of narcolepsy and hypersomnia syndromes. *Neurotherapeutics*. 2012;9(4):739--752.[@b20-nss-7-051]

Copyright © 2015. American Academy of Sleep Medicine. Adapted from Morgenthaler TI, Kapur VK, Brown T, et al; Standards of Practice Committee of the American Academy of Sleep Medicine. Practice parameters for the treatment of narcolepsy and other hypersomnias of central origin. *Sleep*. 2007;30(12):1705--1711.[@b16-nss-7-051]

**Abbreviations:** 5-HT, serotonin; DA, dopamine; DAT, dopamine transporter; EDS, excessive daytime sleepiness; GABA-B, γ-aminobutyric acid type B; GHB, gamma hydroxybutyrate; NA, noradrenaline; VMAT, vesicular monoamine transporter.
